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Abstract—Novel 5-HT1 autoreceptor ligands based on the N-4-aryl-piperazinyl-N 0-ethyl-5,6,7,8-tetrahydropyrido[4 0, 3 0:4,5]thi-
eno[2,3-d]pyrimidin-4(3H)-one core are described. Aiming at antidepressants with a novel mode of action our objective was to iden-
tify potent antagonists showing balanced affinities and high selectivity for the 5-HT1A and 5-HT1B receptors. Strategies for the
development of dual 5-HT1A and 5-HT1B antagonists based on 1 and 2 as leads and the corresponding results are discussed.
Isoquinoline analogue 33 displayed high affinity and an antagonistic mode of action for the 5-HT1A and the 5-HT1B receptors
and was characterized further with respect to selectivity, electrically stimulated [3H]5-HT release and in vivo efficacy.
� 2005 Published by Elsevier Ltd.
Major depression is a mental disorder characterized by
persistent periods of a set of symptoms such as de-
pressed mood, irritability, low self-esteem, feelings of
hopelessness and worthlessness, loss of interest in activ-
ities or pleasurable stimuli, decreased energy, and recur-
rent thoughts of death and suicide.1 The disease is
associated with considerable impairment in a patient�s
quality of life, functional disability, and loss of produc-
tivity, and poses a major public and economic health
problem.2–4

Although a number of new hypotheses have emerged
during the last years, the pathophysiological mecha-
nisms underlying depression remain poorly understood.5

Numerous clinically effective antidepressants act via
increasing extracellular serotonin (5-HT) levels either
by blocking 5-HT reuptake or degradation, thus sup-
porting the hypothesis that enhancement of 5-HT neu-
rotransmission might underlie the therapeutic response
to these different antidepressants.6,7 Today selective
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serotonin reuptake inhibitors (SSRIs) have emerged as
first-line antidepressant therapy due to their improved
side-effect profile.8 However, a major limitation of the
current SSRIs is their slow onset of action of up to six
weeks, and their lack of efficacy in more than 30% of
the depressed patients.9 Hence, there is a large medical
need for the development of novel antidepressants with
improved efficacy, faster onset of action, and better
tolerability.

Amongst the various 5-HT receptors, the 5-HT autore-
ceptors, in particular, have received considerable atten-
tion as potential targets for antidepressant action.10

5-HT efflux in the dorsal raphe nucleus is regulated by
the 5-HT1A, 5-HT1B, and 5-HT1D receptor subtypes,
each differentially located and with slightly different,
possibly even parallel, roles.11–13 Comparing the phar-
macological properties across species, only the rodent
5-HT1B subtype stands out. Rat and human 5-HT1B

receptor (the latter previously termed as 5-HT1Db) show
a single amino acid modification and were found to have
different pharmacology, whereas the pharmacological
profile for both the 5-HT1A and the 5-HT1D subtypes
was shown to be well conserved among different species.
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In contrast, and despite their relatively low homology,
the human 5-HT1D and 5-HT1B subtypes are pharmaco-
logically remarkably similar and thus are virtually indis-
tinguishable in native tissue.14

For several years 5-HT1A agonists have been evaluated
for antidepressant efficacy, but despite the fact that 5-
HT1A agonists like buspirone have been shown to exert
anxiolytic and antidepressant effects in humans, results
from clinical trials have been disappointing so far.15 In
contrast, 5-HT1A antagonists were recently shown to ex-
ert anxiolytic-like effects.16 Additional data suggest that
co-administration of a 5-HT1A antagonist accelerates
and potentiates the antidepressant efficacy of SSRIs.
However, first trials were proving to be inconsistent.17,18

Blockade of 5-HT1B/D autoreceptors has been proposed
as an alternative approach towards novel antidepres-
sants.19 Recently, the efficacy of AR-A2, a selective 5-
HT1B/D antagonist, has been demonstrated in behavioral
models of depression, and the compound is reported to
be in phase II clinical trials.20

It has been suggested that 5-HT autoreceptor activation
at least contributes to the limitations of SSRI efficacy in
two ways: reduction in 5-HT neuronal firing due to
an activation of somatodendritic 5-HT1A autoreceptors
by locally released 5-HT, and second, a reduction of
5-HT release in terminal areas resulting from increased
5-HT in the synapse activating 5-HT1B/D receptors.
Chronic antidepressant treatment will then lead to auto-
receptor desensitization, and the time required for
desensitization relates to the delayed onset of action ob-
served in antidepressant therapy.

Hence, we envisaged that a strategy for circumventing
these adverse autoinhibitory effects could be to block
the 5-HT autoreceptors simultaneously, which should
lead to a rapid and massive increase in 5-HT levels,
and is expected to result in a faster onset of action and
improved antidepressant efficacy. This hypothesis was
supported by in vivo microdialysis studies showing that
concurrent blockade of the 5-HT1A and 5-HT1B/D recep-
tor subtypes resulted in a significant and synergistic in-
crease of extracellular 5-HT in guinea pig frontal
cortex.21 However, to date, SB-272183 is the only 5-
HT1A/B/D antagonist described in the literature, but nei-
ther in vivo data nor any further development has been
reported (Fig. 1).22
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Figure 1.
Herein, we describe the synthesis and characterization of
new 5-HT1A and 5-HT1B ligands based on the N-
aryl-piperazinyl-N 0-ethyl-5,6,7,8-tetrahydropyrido[4 0,3 0:
4,5]thieno[2,3-d]pyrimidin-4(3H)-one core. We also
present SAR derived from modification in the aryl part
with respect to affinity, selectivity, and functional prop-
erties. Selected compounds were examined for selectivity
against a set of related cloned human receptors, in vitro
5-HT release, PK properties, and in vivo efficacy in a
behavioral model of depression.

Sequence alignment and molecular modeling23 indicated
only minor differences in the ligand binding site of 5-
HT1B and 5-HT1A receptors. Thus, our goal of achieving
combined antagonists seemed to be feasible. The tetra-
hydropyridothienopyrimidinones 1 and 2 were chosen
as attractive leads since they already offered high affinity
and the required balanced binding profile for the 5-HT1

autoreceptors, whereas functional antagonism remained
the primary goal for further optimization (Fig. 2).

Careful analysis of available SAR data led to the
hypothesis that the functional properties within this ser-
ies are determined by the nature of the N-aryl-piperazine
moiety. This hypothesis was supported by modeling sug-
gesting that the orientation of Asp95 on TM224 deter-
mines the functional properties of both the 5-HT1A

and the 5-HT1B receptors.25,26 Modeling revealed an
interaction between the isoquinolinyl-nitrogen in 1 and
Asp95, aligning the carboxyl group in the �agonist orien-
tation� (Fig. 3A); a similar model could be assembled for
the corresponding 2-methoxyphenyl analogue 2. We
hypothesized that disruption of this interaction via mod-
ification in the aryl part of the molecule would alter
Asp95 to an �antagonist� orientation. Hence, we focused
our efforts on modification of the �right-hand side� aro-
matic moiety since the tetrahydropyridothienopyrimidi-
none core and the C2 linker had been found to be
optimal with respect to 5-HT1 affinity in previous
studies.

Early on in this project a1 cross-activity had been iden-
tified as potential issue in our lead series, since inhibition
of a adrenergic receptors is known to interfere with the
cardiovascular system and thus might lead to side ef-
fects.27 Previous results in this series indicated that a1
affinity could be affected by modification in the tetrahy-
dropyridothienopyrimidinone core, either by exchange
of the N-methyl group or by variation adjacent to the
pyrimidinone carbonyl, thus impeding the interaction
between carbonyl group and the receptor. We decided,
however, to focus first on achieving the desired dual
antagonism for both the 5-HT1A and 5-HT1B receptors



Table 2. Effect of additional substituents in 2-methoxy-arylpiperazine

series

S
N

CH3
N

N

O

N
N

OMe

X

Compounds X Ki (nM)a/functionb a1 Ki (nM)a

5-HT1A 5-HT1B

2 H 0.7/AN 1.4/pA 0.4

21 5-Cl 3.0/AN 70.3/AN 0.1

22 5-OMe 24.2/AN 50.2/AN 8.4

Figure 3. (a) Modeling structure of compound 1 in the 5-HT1B receptor. Shown are the amino acid residues assembling the ligand binding site. In

green: Asp95 and Asp129, the latter binding to the piperazine N (numbering of amino acids cf. Ref. 24). (b) Structure of compound 21 in the 5-HT1A

receptor. Leu 356 (see text) is indicated in purple.
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as the more challenging, and in terms of proof of con-
cept, the more important task, and to address a1 selec-
tivity subsequently. Nevertheless, affinity data for a1
have been determined routinely for all analogues and
are included in Tables 1–4.

Scheme 1 depicts the general synthesis of N-aryl-piper-
azinyl-N 0-ethyl-5,6,7,8-tetrahydropyrido[4 0, 3 0:4,5]thie-
no[2,3-d]pyrimidin-4(3H)-one based derivatives.28

Condensation of 4-methylpiperidine-4-one with ethyl
cyanoacetate and sulfur according to a procedure origi-
nally described by Gewald,29 assembly of the annelated
3-substituted pyrimidinone and conversion into the
chloride afforded key intermediate 5, which was further
reacted with the respective piperazine derivatives to give
final products 1, 2, and 13–41. The various (het)aryl pip-
Table 1. Variation of aryl substituent in position 2

S
N

CH3
N

N

O

N
N

X

Compounds X Ki (nM)a/functionb a1 Ki (nM)a

5-HT1A 5-HT1B

2 OMe 0.7/AN 1.4/pA 0.4

13 CH3 2.9/AN 3.5 / pA 1.7

14 Ph 4.1/pA 1.1/AN 1.1

15 Cl 2.8/pA 1.7/pA 1.0

16 CN 2.5/pA 1.4/A 1.8

17 OiPr 0.7/pA 2.5/AN 0.1

18 O 2.5/pA 5.4/AN 0.2

19 OPh 0.9/pA 1.1/pA 0.5

20 OBzl 1.9/pA 1.2/pA 4.0

a Values are geometric means of two or three experiments.
b AN = antagonist, pA = partial agonist, A = agonist as described.34

23 5-CH3 5.6/pA 11.9/AN 12.1

24 5-CF3 103.9/nd 42.3/nd 18.0

25 5-Ph 429.0/nd 116.4/nd 0.1

26 4-Cl 18.8/pA 3.3/AN 0.5

27 3-Cl 2.5/pA 0.5/pA 7.0

a Values are geometric means of two or three experiments.
b AN = antagonist, pA = partial agonist, A = agonist as described.34
erazines applied in the synthesis were prepared following
one of the routes as exemplified in Scheme 2 for interme-
diates 8 and 12. Nucleophilic amination according to
Buchwald-Hartwig30 using tert-butyl piperazine-1-car-
boxylate (quinoline-, isoquinoline-piperazines, and
benzothien-7-ylpiperazine, cf. Scheme 1) with subse-
quent deprotection, or assembly of the piperazine start-
ing from the corresponding aniline precursor using
bis(chloroethyl)amine (various substituted aryl pipera-
zines, 2,3-dihydro-1-benzofuran-7-ylpiperazine31), gave
the desired piperazine derivatives. The required starting
materials were either commercially available or prepared
according to generally known procedures.32



Table 4. SAR within the quinoline and isoquinoline series

S
N

CH3
N

N

O

N
N

R

Compounds R Ki (nM)a/functionb a1 Ki (nM)a

5-HT1A 5-HT1B

1 N 0.7/pA 0.5/pA 41.1

33
N

4.7/AN 2.5/AN 13.7

34

N

6.5/AN 9.7/AN 118.1

35

N

1.5/AN 1.7/pA 26.7

36
N

0.9/pA 0.9/pA 129.1

37 N 0.3/pA 0.1/pA 1.2

38
N

0.2/pA 0.3/pA 1.2

39 N

N

93.4/AN 319.6/A 6780

40
N

9.1/pA 36.6/pA 121.1

41 0.7/pA 0.5/pA 13.2

a Values are geometric means of two or three experiments.
b AN = antagonist, pA = partial agonist, A = agonist as described.34

Table 3. SAR of poly-substitued or bicyclic (het)aryl substituents

S
N

CH3
N

N

O

N
N

R

Compounds R Ki (nM)a/

functionb
a1 Ki (nM)a

5-HT1A 5-HT1B

28

OMe

Cl
Cl

2.5/pA 4.9/AN 0.2

29
OMe

Cl Cl

25.8/A 3.8/pA 14.8

30
OMe

11.8/pA 5.4/pA 4.5

31 O 0.6/pA 0.5/AN 0.2

32
S

0.4/pA 0.4/AN 0.5

a Values are geometric means of two or three experiments.
b AN = antagonist, pA = partial agonist, A = agonist as described.34
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Final compounds 1, 2, and 13–41 were evaluated for
receptor affinity via radioligand binding assays using hu-
man recombinant 5-HT1A, 5-HT1B, and a1 receptors.33

Furthermore, affinity for the human recombinant 5-
HT1D receptor was determined routinely. As expected,
affinity for 5-HT1D was found to parallel 5-HT1B affini-
ty, hence for reasons of clarity these data have not been
included in the SAR tables. Functional profiles were
determined for compounds displaying Ki values for 5-
HT1A and 5-HT1B <100 nM using either [35S]GTPcS
binding (5-HT1A) or FLIPR (5-HT1B co-expressed with
the G-protein chimera Gqo5 in HEK293 cells). Assign-
ment of functional properties in vitro was calculated as
percentage of the maximal response to 5-HT (Emax),
and an intrinsic activity qualifier was assigned.34 The re-
sults are depicted in Tables 1–4.

Following our hypothesis of Asp95 interaction as main
determinant for intrinsic activity, we started with simple
modification of the 2-methoxy group in 2 to explore ba-
sic SAR for this substituent (Table 1, compounds 13–
20). Whereas methyl analogue 13 retained the affinity
and efficacy of 2, phenyl analogue 14 unexpectedly
showed reversed intrinsic activity for the 5-HT1A and
5-HT1B receptors, respectively, an effect which is not
understood. Exchange of methoxy with electron-with-
drawing substituents (15, 16) resulted in retained affinity
but shifted the intrinsic activity for both receptor sub-
types to (partial) agonism. Variation of the alkoxy sub-
stituent (17–20) again led to reversed intrinsic activity
for 5-HT1A and 5-HT1B in the case of the alkyl ana-
logues (17, 18), whereas the phenoxy and benzyloxy
derivatives 19 and 20 were shown to be partial agonists
in vitro.

Next, we examined the effect of additional substitution
in the aryl moiety of 2 (Table 2). Starting with chlorine
as substituent, 2-methoxy-5-chloro analogue 21 dis-
played the desired antagonist profile. Modeling of 21
suggested that the 5-chlorine atom interferes with
Leu356 residue on TM6, shifting the benzene ring of
21 toward TM2 so that there is no room for the interac-
tion of the 2-methoxy group with Asp82 via a water
molecule (Fig. 3b). As a consequence, the Asp82 side-
chain conformation is changed, and compound 21 is
an antagonist at both the 5-HT1A and 5-HT1B receptors.
However, the achievement of dual antagonism was asso-
ciated with a 50-fold reduction in affinity versus 5-HT1B.
A similar trend, although more pronounced in the case
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of 5-HT1A, was observed with the corresponding 2,5-di-
methoxy derivative 22. Ki values >50 nM for 5-HT1B

prevented us from further advancing compounds 21
and 22. Additional variation in position 5 either led to
partial agonism toward the 5-HT1A receptor (23) or
resulted in a significant loss in affinity for all 5-HT1

receptor subtypes in parallel (24, 25). Migration of the
additional chloro substituent to the 4- or 3-position
(26, 27) again enhanced especially 5-HT1B affinity, with
2-methoxy-3-chloro analogue 26 showing the most bal-
anced affinity in this series. To exploit the beneficial ef-
fect observed for 5-chloro substitution in 21, analogues
featuring increased bulk in the aryl moiety were pre-
pared (Table 3). The corresponding bis-chloro ana-
logues 28, and 29 and naphthyl derivative 30 showed
improved 5-HT1B affinity, but none of these compounds
retained the initial promising functional profile of 21 or
22. Constraining the methoxy group of 2 by incorpora-
tion into a dihydrofuran ring (31) led to high affinities
for all three 5-HT1 receptor subtypes, but also for a1.
Dihydrofuran 31 displayed antagonism for 5-HT1B,
but only partial agonism for 5-HT1A. A similar result
was obtained with the corresponding thienyl analogue
32. All analogues from the �aryl series� (Tables 1–3) were
found to show low a1 selectivity, which was only mar-
ginally affected by variation in the aryl moiety.

We then directed our efforts to the related quinoline ser-
ies as alternative approach (Table 4). Based on 1 as
starting point migration of nitrogen around the ring sys-
tem (entries 33–38) revealed that N in the 3- or 4-posi-
tion resulted in the desired antagonist profile for 5-
HT1A and 5-HT1B. As already observed for analogue
21, affinity was diminished, in this case by a factor of
5–20. Binding affinity in this series was highest for deriv-
atives 1, 37, and 38, but these analogues did not exhibit
the desired functional profile. Combination of the favor-
able features from 1 and 34 by incorporating N in the
2- and 4-position in quinazoline 39 led to dramatic
reduction in affinity. Exchange of the N-location and
the piperazine linkage (40) resulted in diminished affini-
ty, again especially pronounced in the case of 5-HT1B.
/

/

The corresponding naphthyl analogue 41 again showed
high affinity, but did not display balanced antagonism.
Besides the effects already discussed here, we found that
most of the compounds from the quinoline/isoquinoline
series (Table 4) showed a1 selectivity higher than those
of their corresponding �aryl� analogues (Tables 1–3).

Summarizing the data presented in Tables 1–4, most
analogues derived from aryl variation in 1 and 2 re-
tained the high affinity for the 5-HT1A/B receptors. With
respect to intrinsic activity, the SAR we obtained is
inconclusive for both the 5-HT1A and 5-HT1B receptors.
Whereas the dual antagonist profile of compounds like
22, 23, or 33 corroborates our initial working hypothe-
sis, the intrinsic activity observed for compounds such
as 30 or 41 does not comply with our functional model.
One explanation for this discrepancy could be a different
binding mode of these analogues. Nevertheless, these re-
sults either reflect the difficulties in predicting the mode
of action and/or reveal our incomplete understanding of
the correlation between 5-HT1A/B structure and func-
tion, respectively.

Based on the results depicted in Table 5 (Ki values 5-
HT1A/B <10 nM and an antagonist mode of action for
5-HT1A and 5-HT1B), compounds 33 and 34 were
selected for further characterization. Affinity for the
corresponding rat receptors was found to be in a com-
parable range for 5-HT1A, and about a factor of 10
lower for 5-HT1B with Ki values for r5-HT1A of
16.3 nM (33) and 23.0 nM (34), and for r5-HT1B of
33.1 nM (33) and 116.8 nM (34). Although displaying
limited selectivity versus a1 adrenoceptors, selectivity
of at least 50-fold against related human serotonergic
and dopaminergic receptors was observed (Table 6).
Moreover, at concentrations of up to 10 lM no inhi-
bition of monoamine transporter function was found
(5-HT, dopamine or norepinephrine transporters; re-
sults not shown). To further evaluate the effect on
5-HT autoreceptor function, compounds were investi-
gated for their ability to influence electrically stimu-



Table 5. Functional profiles for 33 and 34

Compounds [35S]GTPc S Emax (%) 5-HT1AIC50 (nM)a FLIPR Emax (%) 5-HT1B IC50 (nM)a

33 4 316 7 35

34 6 1304 9 85

a Values are geometric means of two or three experiments.

Table 6. Counter screening results for 33 and 34

Receptor Ki (nM) 33 34

5-HT2A 180 1.200

5-HT2C >10.000 5.500

5-HT5A >10.000 >1.000

5-HT7 520 4.480

D3 1.180 1.300

D2L 1.200 1.460

a1 13.7 118

Values are geometric means of two or three experiments.
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lated [3H]5-HT-release from rat brain cortical slices.
At concentrations of 0.1 and 1 lM, compound 33
evoked a dose-dependent increase of [3H]5-HT-release
confirming the antagonist mode of action. Pharmaco-
kinetic studies of 33 in rat showed metabolic stability
and bioavailability after iv- and po-dosing (2 and
10 mg/kg, respectively), and good CNS penetration
(10 mg/kg po; F: 11 %; brain plasma ratio of 10.2/
AUC0–8h). Upon in vivo examination in the mouse
forced swim test, a behavioral model to assess antide-
pressant efficacy,35 compound 33 did not show any
significant activity up to 30 mg/kg ip.

Nevertheless, tool compound 33 will be examined in
additional behavioral assays and different species to
confirm our hypothesis and to further validate the ratio-
nale for the synthesis of dual 5-HT1A/B antagonists.

In summary, we have identified novel and potent com-
bined 5-HT1 autoreceptor ligands containing the N-4-
aryl-piperazinyl-N 0-ethyl-5,6,7,8-tetrahydropyrido[4 0,
3 0:4,5]thieno[2,3-d]pyrimidin-4(3H)-one core. The
compounds prepared displayed affinities in the low nano-
molar range for human 5-HT1A, 5-HT1B, and 5-HT1D

receptor subtypes. Furthermore, several analogues
exhibited an antagonist mode of action for both the 5-
HT1A and 5-HT1B receptors. In general, the structural
modifications we applied had only limited effect on in vi-
tro binding, but major impact on the intrinsic activity for
the 5-HT1A and 5-HT1B receptor subtypes. Although we
achieved our initial goal, the rational design of balanced
5-HT1A/B antagonists still presents a major challenge
since the SAR with respect to the mode of action is not
fully understood. Compounds 33 and 34 were chosen
as most promising representatives and submitted to fur-
ther characterization in in vitro and in vivo testing. In
counter screening, both compounds showed high selec-
tivity against a set of related receptors with the exception
of a1 adrenoceptors. Although 33 was shown to increase
[3H]5-HT release from rat brain cortical slices, an antide-
pressant-like effect in vivo in the mouse forced swim test
could not be demonstrated. Further studies using 33 as
tool compound will be conducted to evaluate the poten-
tial of dual 5-HT1A/B antagonists.
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M. Mayrer, S. Müller, S. Petersen-Werner, S. Manzano,
M. Nebel, G. Plotzky, M. Schanzenbächer, and T.
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